Abstract N-methylacetamide, a model of the peptide unit in proteins, is allowed to interact with CH 3 SH, CH 3 SCH 3 , and CH 3 SSCH 3 as models of S-containing amino acid residues. All of the minima are located on the ab initio potential energy surface of each heterodimer. Analysis of the forces holding each complex together identifies a variety of different attractive forces, including SH···O, NH···S, CH···O, CH···S, SH···π, and CH···π H-bonds. Other contributing noncovalent bonds involve charge transfer into σ* and π* antibonds. Whereas some of the H-bonds are strong enough that they represent the sole attractive force in several dimers, albeit not usually in the global minimum, charge-transfer type noncovalent bonds play only a supporting role. The majority of dimers are bound by a collection of several of these attractive interactions. The SH···O and NH···S H-bonds are of comparable strength, followed by CH···O and CH···S.
INTRODUCTION
Because of its prevalence in proteins, the peptide linkage has been studied extensively, and there is a great deal of information available about its proclivity toward planarity, its flexibility, and its electronic structure. The peptide group involves itself in a multitude of H-bonds within proteins, which are largely responsible for a great deal of secondary structure, as in α-helices and β-sheets. For this reason, a large amount of effort has been expended in elucidating details about the ability of both the NH and C=O groups of the peptide to engage in H-bonds, not only with other peptide groups, but also with some of the more widely occurring amino acid side chains.
Whereas many of the polar side chains, e.g. Ser, Lys, His, would of course form H-bonds with the proton-donating and accepting sites of the -CONH-peptide group, the situation is less clear for those containing S. The SH group of Cys certainly offers the possibility of a SH··O or SH··N H-bond, but SH is not known as a strong proton donor [1] [2] [3] . In the case of Met, with no SH the only H-bonding opportunity would utilize S as proton-acceptor, in the capacity of which this atom is again not very potent. Another option might utilize a CH as a proton donor, which previous work has suggested can provide a fairly strong H-bond under certain circumstances [4] [5] [6] [7] [8] [9] [10] [11] [12] including protein models [13] [14] [15] . This CH might arise from the C α H element of the protein skeleton [16] [17] [18] or from the alkyl chains which are part of the S-containing residues.
There are options for attractive contacts other than H-bonding. As an example, there have been numerous observations of pairs of carbonyl groups [19] wherein the two groups are oriented either perpendicular or parallel to one another, a pattern that was originally attributed to dipolar interactions [20] [21] [22] . This idea was further elaborated, invoking the concept of anisotropy of the electrostatic field around the O atom [23, 24] . Other work [25] [26] [27] suggested that the transfer of charge from an O lone pair to a CO π* antibonding orbital was a major contributor as well.
Molecules containing sulfur are also capable of interactions other than H-bonds. Early analyses of crystal structures [28] revealed a tendency of nucleophiles to approach S along an extension of one of its covalent bonds, a pattern that won some initial support from calculations [29] . Subsequent crystal database analyses [30, 31] confirmed this geometric preference within the context of both proteins and smaller molecules. Other groups [32] [33] [34] [35] attributed the attraction, at least in part, to charge transfer from the nucleophilic atom's lone pair to the antibonding orbital of the C-S bond, although induction and dispersion can be important as well [36] . Very recent research in this laboratory [37] [38] [39] [40] [41] has amplified and generalized the concept of charge transfer from the lone pair of an atom on one molecule to a σ* antibonding orbital on its partner, to a range of atoms that include P and Cl. The S atom too has been shown to be a prime candidate for accepting this charge into a S-X antibond to form surprisingly strong noncovalent bonds [42] [43] [44] [45] . The range of possibilities for interactions with an amide group could thus be expanded to include a noncovalent bond between S and the O or N atoms of the amide.
The principal purpose of the present communication is an exploration of the full variety of different sorts of interactions that may occur between the peptide linkage of a protein and S-containing amino acid residues, and to sort out which noncovalent bonds might predominate. The N-methylacetamide (NMA) molecule in its trans geometry, which brackets an amide by a pair of C atoms as would occur along the protein backbone, is taken as a model of the peptide unit. CH 3 SH is used to represent the Cys side chain, and CH 3 SCH 3 is a prototype of Met. The disulfide bond that frequently connects Cys side chains is modeled by CH 3 SSCH 3 . For each pair of molecules, the potential energy surface is thoroughly searched for all minima. Comparisons of the energetics of the various structures provide information about the relative strength of each sort of interaction contained therein. The analysis also brings to light some new noncovalent bonds that have not been previously reported.
COMPUTATIONAL METHODS
Ab initio calculations were carried out via the Gaussian 09 package [46] . Geometries were optimized at the ab initio MP2/aug-cc-pVDZ level which has been shown to be of high accuracy, especially for weak intermolecular interactions of the type of interest here [35, [47] [48] [49] [50] [51] [52] where the data are in close accord with CCSD(T) values with larger basis sets [38, 53, 54] and in excellent agreement with experimental energetics [55] . Binding energies were computed as the difference in energy between the dimer, and the sum of the optimized energies of the isolated monomers, corrected for basis set superposition error by the counterpoise procedure [56] . For purposes of identifying all stabilizing interactions within each dimer, and estimating the strength of each, natural bond orbital (NBO) analysis [57, 58] was carried out via the procedures contained within Gaussian.
RESULTS
Each of the three S-containing molecules was paired with NMA, and the potential energy surface was thoroughly searched so as to identify all minima.
CH 3 SH
Perhaps emblematic of this entire problem, the global minimum of the complex between NMA and CH 3 SH is a product of a number of contributing noncovalent bonds, none of which are dominant by any means. This structure, illustrated in Fig 1a, has a total binding energy of 4.60 kcal/mol. Based upon the NBO E(2) values reported in Table 1 , a CH···O H-bond makes the strongest contribution, which arises in part from an interaction with the O lone pairs (CH···O) in Table 1 of 1. 53 kcal/mol, combined with 1.11 kcal/mol from electron donation by the CO π-bonding orbital. This fairly strong interaction is consistent with the close R(H···O) contact of 2.31 Å, shorter than a typical CH···O H-bond, particularly one involving a methyl group. Also contributing to the binding energy is a CH···S H-bond, with a value of E(2) of 1.06 kcal/mol, even though the H and S atoms are separated by 3.02 Å. The last component with an E(2) above the 0.5 kcal/mol threshold is one involving electron donation from the S lone pairs to the CO π* antibonding orbital, with S separated from the pertinent O atom by 3.39 Å, and an even closer R(S···C) contact of 3.30 Å. This latter interaction is rather unusual, one that is not commonly observed.
Its absence from the literature is understandable as it occurs only in tandem with other, stronger, noncovalent bonds, which would normally mask its presence.
An SH···O H-bond makes an appearance in the second most stable minimum, 1b, which is bound by 4.27 kcal/mol. This H-bond arises from two elements. Electron donation to the σ*(SH) orbital from the O lone pairs amounts to 2.77 kcal/mol, which accounts for the normal SH··O H-bond. This H-bond is fairly long, with R(H···O)=2.23 Å, and is further weakened by its 39º deviation from linearity. This attraction is complemented by a value of E (2) Only slightly higher in energy is structure 2b which contains a number of different interactions, listed in Table 2 . One of them involves charge transfer from S lone pairs to the π* CO antibonding orbital. The O atom serves as proton acceptor for two methyl CH groups, both less than 2.5 Å in length.
These same H-bonds are both supplemented by charge transfer from the CO π orbital, so can be termed CH···π.
A charge transfer from the N lone pair of NMA to a SC σ* antibonding orbital is observed in the third minimum 2c, higher in energy than 2a by 0.7 kcal/mol. The R(N···S) distance is 3.28 Å, and θ(CS··N) within 4° of linearity, both of which assist the formation of this bond. However, a CH···O Hbond may be more important, with an E(2) of 1.81 kcal/mol, as compared to 0.75 kcal/mol for the CS···N bond. (Structure 2d is very similar to 2c, so is relegated to the Supplementary Information Fig   S2. ) A bond of similar CS···N type is contained within the next minimum 2e as well. However, its smaller E(2) of 0.57 kcal/mol is overshadowed by both NH···S and CH···S H-bonds. Somewhat higher in energy is configuration 2f with only one primary source of stability, a CH···O H-bond, but a short and strong one, with R(H···O) = 2.28 Å and E(2)=4.41 kcal/mol. The binding energy of this pure CH···O Hbond of 3.46 kcal/mol is understandably quite similar to the value of 3.52 kcal/mol for this same interaction with CH 3 SH.
The next two minima (pictured in Fig. S2 ) are also stabilized by CH···O H-bonds, followed by a weaker complex, with a stabilization energy of 1.91 kcal/mol, that contains a number of different noncovalent interactions, but E(2) of all of which are only around 0.52 kcal/mol.
The comparison of the complexes of NMA with CH 3 SH and CH 3 SCH 3 indicates that the loss of the possibility of a SH···O H-bond in the latter case does not necessarily result in a weaker complex. On the contrary, the NH···S H-bond that occurs in 2a makes for a stronger interaction than any involving CH 3 SH. The structure which contains a NH···S H-bond for NMA/CH 3 SH is somewhat weaker, and represents only the eighth most stable complex on its potential energy surface. It would appear that the second methyl group makes S a stronger proton acceptor, such that the NH···S H-bond is the predominant factor in the global minimum of NMA/CH 3 The global minimum in the CH 3 SSCH 3 /NMA heterodimer is characterized by the multiple stabilizing interactions indicated in Table 3 . As illustrated in Fig 3a, there is a CH···O/π H-bond, in which electrons are donated not only by the O lone pairs (1.22 kcal/mol) but even more so by the CO π bond (2.75 kcal/mol). A methyl group on the NMA engages in a CH··O H-bond with S, and there is another contribution involving charge transfer from the S lone pairs to the CO π* antibonding orbital.
Altogether, these interactions add up to a total stabilization energy of more than 5 kcal/mol, the largest of any of the complexes considered here. There is another minimum, 3b, almost a mirror image of the first, that contains very similar interactions, and a binding energy only 0.1 kcal/mol smaller.
The next minimum 3c also contains CH··O and CH··S H-bonds, as well as π*CO··S. What is new here, however, are a pair of interactions that involve charge transfer into the SS σ* antibonding orbital.
Some density is extracted from the CO π bond, but some also from the CO π* antibond. As is true for most NBO virtual orbitals, the π* CO is partially occupied. Nonetheless, its willingness to part with a portion of its small occupation to the benefit of the SS σ* orbital is unexpected. Indeed, both the π and π* orbitals contribute a like amount of 0.79 kcal/mol to the overall stability of this complex. It is these two charge transfer interactions that compensate for the weaker CH··O and CH··S H-bonds, imparting a stabilization energy of 4.90 kcal/mol to this structure. Indeed, CH··O and CH··S H-bonds occur in pretty much all of the minima of this pair of molecules, whether charge is extracted from just the proton acceptor lone pairs or from the CO π bond as well.
A NH··S H-bond makes its first appearance in the complex 3h with a binding energy of 4.48 kcal/mol, 0.6 kcal/mol less than that of the global minimum. It is supplemented by a CH··S H-bond in that structure, but is fully responsible for the binding of 4.40 kcal/mol of the next minimum 3i. The next minimum 3j repeats some of the prior interactions, including the donation from both the π and π* CO orbitals into σ*(SS).
A new interaction arises in structure 3l, one in which charge is transferred from the N lone pair into a σ*(CS) antibonding orbital. But despite the θ(N··SC) angle of 170º, E(2) is only 0.65 kcal/mol for this bond, far less than the 7.37 kcal/mol arising from the NH···S H-bond. Rather than the CS antibond, the SS σ* orbital is the recipient of charge in the next minimum 3m, this time extracted from both the N lone pair and the CO π* orbital. A N lp →σ*(CS) transfer occurs in the next minimum as well, this time supplemented by a much stronger NH···S H-bond. The remaining minima in the potential energy surface of this heterodimer (see Fig S3) all contain some combination of NH··S, CH··N, CH··O, and CH··S H-bonds. The binding energies of these last few minima vary from 4.1 down to 2.1 kcal/mol. With particular respect to CH···O H-bonds, the geometry with this as its sole contributor leads to an estimate of CH···O H-bond energy of 3.74 kcal/mol, slightly greater than those for CH 3 SH and CH 3 SCH 3 . The S-S linkage may thus be considered to slightly strengthen the proton-donating ability of a neighboring methyl group. But in no case is a CH···O H-bond strong enough to dominate the global minimum of any of these dimers.
DISCUSSION
The CH 3 SH/NMA heterodimer has available to it a number of specific interactions in which it might engage. In terms of H-bonds, the SH group can serve as a potent proton donor, and S can offer a proton- The stability of the global minimum of the CH 3 SH/NMA heterodimer rests not on one, but on several of these elements. The strongest component is a H-bond involving a methyl CH of CH 3 SH. The O lone pairs act as proton acceptor from the methyl group, as does the CO π bond. This CH···O interaction is supplemented by a CH···S H-bond, in this case involving a methyl group on the NMA.
The fourth, and apparently weakest, interaction is not a H-bond at all. It involves a charge transfer from the S lone pairs, not to a CH group, but rather to the π* antibonding orbital of the C-O bond. The next minimum also incorporates a CH···S H-bond, but substitutes the various other interactions of the global minimum for a SH···O H-bond, sacrificing 0.3 kcal/mol in the exchange. By losing the CH···S interaction, the third minimum is able to build a shorter and more linear SH··O H-bond, forgoing any other noncovalent bonds, but in so doing rises in energy by 0.15 kcal/mol. One may conclude therefore that a SH···O H-bond is not sufficiently strong, even if fully linear, that it can override those structures containing a number of different noncovalent bonds, even if each of the latter is individually weaker than a linear SH···O bond.
The fourth minimum combines a large number of the various possible interactions. In addition to both CH··O and CH··S H-bonds, there are also CH··π and SH···π H-bonds wherein both protons extract density from the CO π bond, all combined with a S lp →π*(CO) charge transfer. It is not until the fifth minimum, 0.6 kcal/mol less stable than the global structure, that one sees for the first time the charge transfer from a N lone pair to a σ*(SH) antibonding orbital. And even here in this case, the strength of this interaction is overshadowed by a CH··O/CH··π H-bond, so cannot be considered the primary stabilizing force.
It is only for the higher-energy minima that complexes characterized by a single stabilizing noncovalent bond become more prevalent. These isolated elements include a SH··O, NH··S. and CH··O H-bond. In summary, structures characterized by a combination of stabilizing forces are generally more stable than those containing a single element, even when the latter is able to attain its most stable geometry. If one were to consider only those structures with a single stabilizing force, then an order of diminishing strength can be obtained.
SH···O > NH···S > CH···O
The pattern changes when the SH group is replaced by a second methyl in CH 3 SCH 3 . The enhancement of the S atom's proton-accepting ability strengthens the NH···S H-bond to the point where it is the sole contributor to the global minimum in the CH 3 SCH 3 /NMA heterodimer, with a binding energy of nearly 5 kcal/mol. The structures of higher energy rely on multiple noncovalent bonds which again include combinations of CH···O, CH···π, CH···S, and S lp →π*(CO). A charge transfer from the N lone pair to a CS σ* antibonding orbital contributes to several of these lower-lying minima, albeit not as much as do the forgoing H-bonds which occur in combination with it. Other than the NH···S H-bond occurring in the global minimum, the CH···O H-bond is the only other that occurs on its own in any of the structures, allowing an assessment of this H-bond energy of some 3.3-3.5 kcal/mol in this system. When a second S atom is added to the monomer, as in CH 3 SSCH 3 , most of the minima, and certainly those of lowest energy, rely on multiple stabilizing interactions. The global minimum contains CH··π, CH··O, CH··S, as well as a S lp →π*(CO) interaction, as do many of the other structures. Another minimum, 0.2 kcal/mol higher than the first, adds another pair of charge transfers, both into the SS σ* antibonding orbital. Some of the charge is extracted from the CO π bond, but a roughly equal amount comes from the CO π* orbital which is not completely vacant in the NMA monomer.
It is only for higher-energy structures that single interactions arise. The NH···S H-bond in structure 3i amounts to 4.40 kcal/mol, just slightly less than the same interaction where CH 3 SCH 3 acts as proton acceptor. Minima containing only a CH···O H-bond lead to an estimate of its binding energy of 3.6-3.7 kcal/mol, slightly higher than in the CH 3 SCH 3 /NMA heterodimer. Transfer into the CS σ* antibond from the N lone pair does not occur until structure 3l, and is overshadowed by the much stronger NH···S H-bond. Table 4 for each of the S-containing molecules, derived from those structures in which that H-bond is the only stabilizing force. While SH···O is the strongest H-bond in which CH 3 SH engages with NMA, it is only slightly stronger than NH···S. Indeed, the latter H-bond is strengthened in CH 3 SCH 3 and CH 3 SSCH 3 , invalidating any general statement about the relative strengths of SH···O and NH···S. On the other hand, it would be fair to claim that the CH···O H-bond is weaker than either of the other two. Note however, that even here, one cannot ignore a H-bond energy of nearly 4 kcal/mol, only slightly weaker than that in the water dimer. In contrast to CH···O, there are no values reported in Table 4 for the energies of CH···S H-bonds. This absence is due to the fact that although the latter sort of interaction does occur in a number of minimum energy structures, it is not strong enough to represent the sole binding force in any. Likewise for the interactions involving charge transfers into the S-H or S-C antibonds.
Numerical values of the H-bond energies are displayed in
With regard to some of the non-H-bonding sorts of noncovalent bonds, the binding energy for a CS···N bond was calculated earlier [44] to be 0.7 kcal/mol when CH 3 SH was combined with NH 3 ; the corresponding HS···N bond is slightly weaker, 0.5 kcal/mol [42] . Given the lesser ability of the amide N lone pair to donate electrons, one would expect the noncovalent CS···N and HS···N bonds in the complexes pairing NMA with CH 3 SH and CH 3 SCH 3 to be even weaker. It is for this reason that these noncovalent interactions are not primary factors in any of the complexes in which they occur. The insertion of a second S atom into CH 3 SCH 3 might be expected to strengthen the potential SS···N interaction by a small amount. But nonetheless, this bond remains weaker than other possible interactions, not making an appearance until structure 3m, and even then it is eclipsed by a stronger CH··πCO H-bond. In fact, it would appear that the CO π bond serves as a superior source of electrons to the amide N lone pair, as the former yields higher values of E(2) and SS··π(CO) bonds occur in more stable minima than does SS··N.
There has been one previous computational study of complexes of NMA with S-containing systems of these sorts. Iwaoka et al [30, 31] first paired NMA with CH 3 SCH 3 , and identified only two minima, in contrast to our own finding of 10 distinct minima. Their global minimum C is stabilized by 2.9 kcal/mol, while our most stable minimum has a binding energy of nearly twice that value. Their structure C appeared to be similar to our dimer 2c in that it contained both a CH···O and CS···N pair of stabilizing interactions. Their secondary minimum D is similar to our own global minimum 2a, containing a NH···S H-bond.
The same research group also considered [30, 31] the NMA/CH 3 SSCH 3 heterodimer, again identifying only two minima on a surface that our calculations indicate contains 21 such minima. Their global minimum appears to correspond most closely to our own geometry 3c, the third most stable structure. Our binding energy for 3c is 4.9 kcal/mol, higher by 1.7 kcal/mol than their global minimum. The only other minimum identified by Iwaoka et al is rather similar to their global minimum, also seeming to contain a CH···O and SS···O pair of interactions. It would appear then that their superficial examination of the surface led them to ignore structures that are considerably more stable, bound by other interactions including CH···π, CH···S, π*(CO)··S, SS··π, and NH···S noncovalent bonds.
Some of the discrepancies may be due to their use [30, 31] of a 6-31G* basis set, much smaller and less flexible than the aug-cc-pVDZ set used here. There was apparently no attempt made to thoroughly search the potential energy surface for all minima, leaving the researchers with a suboptimal set. Also of note, their determination of the contributing factors in the stability of each structure was based primarily on geometric criteria, without a systematic evaluation of charge transfer energies.
A statistical analysis of protein crystal structures [30, 31] had suggested a propensity of the S atom to lie above the amide plane when interacting with the amide O atom. This trend is confirmed by our calculations. For example in the complexes with CH 3 SCH 3 , the φ(NCO··S) dihedral angle in 2b is 91º, and 76º in 2i. Structures involving CH 3 SSCH 3 had a similar tendency: the dihedral angle ranges from 68º in 3a to 95º in 3b. This placement of the S atom is consistent with the concept of transfer from the π CO bond which is a common feature of these O··S interactions.
It is worthwhile to consider how the results presented here might be altered if the model systems were enlarged to more accurately represent the actual protein segments. The CH 3 SH and CH 3 SCH 3 models of Cys and Met, respectively, would probably not change much if their methyl groups were replaced by longer alkyl chains. Nor would one expect any changes in the CH 3 SSCH 3 model of a disulfide linkage to affect the results by a significant amount. The replacement of NMA by a longer protein skeleton would probably have little influence upon the -CO-NH-amide segment. On the other hand, the CH groups of the NMA would be surrounded on both sides by peptide groups, which would likely make them somewhat stronger proton donors. One might therefore anticipate some small strengthening of the CH···S H-bonds which occur in structures 1b, 2b, and 3a, to name just a few. 
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